Thin film synthesis methods developed over the past decades have unlocked emergent interface properties ranging from conductivity to ferroelectricity. However, our attempts to exercise precise control over interfaces are constrained by a limited understanding of growth pathways and kinetics. Here we demonstrate that shuttered molecular beam epitaxy induces rearrangements of atomic planes at a polar / nonpolar junction of LaFeO 3 (LFO) / n-SrTiO 3 (STO) depending on the substrate termination. Surface characterization confirms that substrates with two different (TiO 2 and SrO) terminations were prepared prior to LFO deposition; however, local electron energy loss spectroscopy measurements of the final heterojunctions show a predominantly LaO / TiO 2 interfacial junction in both cases. Ab initio simulations suggest that the interfaces can be stabilized by trapping extra oxygen (in LaO / TiO 2 ) and forming oxygen vacancies (in FeO 2 / SrO), which points to different growth kinetics in each case and may explain the apparent disappearance of the FeO 2 / SrO interface.
ations from an ideal structure. A careful experimental investigation of the evolution of the near-surface region, in conjunction with growth pathway modeling, may offer unique insight into the stability and synthesis of oxide heterojunctions.
Oxide molecular beam epitaxy (MBE), with its ability to produce single-crystalline thin films a monolayer at a time, 7, 8 represents the ideal method to explore the dynamic rearrangement process. In contrast to the co-evaporative nature of other techniques, such as pulsed laser deposition (PLD), MBE permits shuttering of elemental sources, which provides an additional degree of freedom to control stoichiometry and layer configurations. Layerby-layer deposition of films and heterostructures offers the unique opportunity to harness kinetic controls by untangling processes that occur under conditions far from equilibrium.
Here we consider the application of the shuttered growth mode to the synthesis of polar / non-polar LaFeO 3 (LFO) / n-STO interfaces, which have been shown to possess a suitable bandgap and built-in potential for photochemical water splitting. 9-11 M. Nakamura et al. reported properties of LFO grown on SrO-and TiO 2 -terminated bulk STO substrates using PLD; 12 the authors observed different film polarization states in the heterojunctions, which they attributed to differing local dipole magnitudes. A subsequent photoconductivity study 13 of PLD-grown LFO / STO heterojunctions by K. Nakamura et al. also proposed the existence of different interface charge states. Comes and Chambers evaluated the effect of substrate termination directly. 10 To this end, they analyzed the electronic structure of LFO grown on SrO-and TiO 2 -terminated STO layers using shuttered MBE growth; while the authors confirmed the appropriate terminations using angle-resolved X-ray photoelectron spectroscopy (AR-XPS), they observed a negligible impact on the potential gradient across the heterojunction. These conflicting results call for further investigation into the LFO growth mechanisms that influence the properties of the heterojunction.
We use a combination of aberration-corrected scanning transmission electron microscopy (STEM) and ab initio simulations to probe the atomic-scale configuration of the LFO / terminations to achieve specific synthesis outcomes. a finding in line with our AR-XPS measurements of these samples. We next investigate spectral features in the EELS fine structure that would indicate chemical state changes and may point to a mechanism for interfacial reconstruction. Figure   2 shows the Ti
, and La M 4,5 edges extracted from each u.c. across the interface for the nominally "A-Terminated" and "B-Terminated" substrates, respectively.
We find that the Ti L 2,3 edge line shape is preserved from the STO bulk all the way up to the interface, within the 0.75 eV effective absolute energy resolution of our map. We observe no change in the Ti t 2g and e g peaks that would indicate a transition from Ti 4+ to Ti
3+
valence states.
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The O K edge is highly sensitive to local bonding in perovskite oxides, 20 with the distribution of spectral features acting as a guide to local chemical states. Inspection of Figure   2 reveals three distinct edge features (labeled a-c), resulting from the hybridization of O 2p
states with B-site 3d, La 5d, and B-site 4sp bands, respectively. 20 We find that the pre-to main-peak (a/b) ratio, a known indicator of valence changes, remains largely constant on the LFO side for both terminations; similarly, there is no broadening of the main peak b
that would indicate the formation of oxygen vacancies at the interface. 21 On the STO side, we do observe a small decrease in the a/b ratio moving from the bulk to within 2 u.c. of the interface for the "B-Terminated" sample, suggesting some B-site valence modification; similar behavior is present in the (slightly noisier) spectra for the "A-Terminated" sample.
Turning to the Fe L 2,3 edge, we first note that the edge position remains unchanged throughout the LFO for both substrate terminations. However, we observe a measurable Fe signal 1 u.c. into the STO (spectrum 9) for the "A-Terminated" sample and a Fe signal 3 u.c. into the STO (spectra 11) for the "B-Terminated" sample. In the latter sample, we measure a 1.75 eV shift of the Fe L 3 edge to lower energy loss beginning at spectrum 10, which indicates a slight reduction in Fe valence toward a more Fe 2+ -like state. 22 To the best of our knowledge, electron transfer to the Fe ions in this system has not been previously observed, but this behavior agrees well with changes present in the O K edge spectra, as well as predictions of interface conductivity. 23 Finally, although we do not detect any significant changes in the La M 4,5 edge line shape, we do find that its signal penetrates 1 u.c. deeper in the case of the "A-Terminated" sample (a finding present in multiple maps).
In summary, we observe no clear modification of Ti valence, but features of the O K and Fe L 2,3 edge spectra support a slight reduction in Fe valence within the top 3 STO u.c. for the "B-Terminated" sample. While some changes in the O K edge are also present in the "A-Terminated" sample, we observe no comparable shift of the Fe L 2,3 edge.
Our STEM-EELS composition maps reveal minimal intermixing with no apparent longrange diffusion that would give rise to the rearrangement of the terminal STO layer. We 
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This transfer leads to the formation of Fe 2+ , which is observed in the EELS data and in the previous works.
To rationalize the disappearance of the FeO 2 / SrO interface, we examined the stability of LFO grown on SrO-and TiO 2 -terminated STO using ab initio simulations, as shown in While intermixing is present for both FeO 2 / SrO and LaO / TiO 2 interfaces, its effect on interface structure is more pronounced in the former. Here we consider the initial stages of the LFO growth to understand the origin of this asymmetry. Since MBE deposition of Our results illustrate the dramatic effects and non-equilibrium nature of shuttered growth, as well as the importance of thermodynamic and kinetic considerations to design targeted oxide heterostructures. STEM-EELS shows that shuttered MBE growth is able to produce exceptionally high-quality and defect-free LFO / n-STO interfaces. However, while AR-XPS indicates that two different STO substrate terminations were achieved prior to LFO deposition, atomic-scale composition mapping of the final as-grown heterojunctions reveals a LaO / TiO 2 interface structure for both cases. We observe no long-range film-substrate cation intermixing and minimal valence changes, suggesting that other factors must lead to the observed structure. Ab initio simulations of interface stability show that FeO 2 / SrO is much less energetically preferred than LaO / TiO 2 . We propose that the sequential nature of the shuttered growth mode may lead to unstable Fe 4+ ions that can drive the system toward a dynamic structural rearrangement via oxygen vacancies. Further modeling of potential kinetic pathways and experimental study into the effects of shuttering sequence may open new ways to deterministically control the structure and properties of oxide interfaces.
We have prepared LFO / n-STO (001) heterojunctions using oxygen-assisted MBE, as described elsewhere. 1 Several 0.05% Nb-doped STO substrates were chemically treated to achieve a TiO 2 substrate termination, which we confirmed using AR-XPS. A single SrO layer was then deposited on a subset of the samples and the resulting termination was also confirmed via AR-XPS. were processed to remove X-ray spikes and principal component analysis (PCA) was used to enhance the signal-to-noise of the composition maps in Figure 1 . Figure 2 shows the raw, power-law background spectra extracted from each unit cell of the map.
LaFeO 3 / SrTiO 3 interfaces were represented using periodic slab model, where the LaFeO 3
and SrTiO 3 parts were each 4 u.c. thick. The 2×2 lateral cell with the in-plane lattice parameter corresponding to bulk STO (a=b=3.905Å) was used. The supercell parameter along the c axis was 50Å, which leaves a vacuum gap of over 20Å. The total energy of the system was minimized with respect to all degrees of freedom of the slab, unless stated oth-erwise. The calculations were performed using the Vienna Ab Initio Simulation Package.
2,3
The projected augmented wave method was used to approximate the electron-ion potential.
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Exchange-correlation effects were treated with in the Perdew-Burke-Ernzerhoff (PBE) functional form, modified for solids. 5 The plane-wave basis with a 500 eV cutoff and the 2×2×1
Monkhorst-Pack k-point mesh were used. The charge and spin density distribution was analyzed using the Bader method. 6, 7 The energies of self-consistent calculations were converged to 10 −5 eV/cell and the convergence of the total energy with respect to atomic coordinates was 10 −4 eV.
B. Sr Composition Mapping
In addition to the STEM-EELS maps shown in the main text, we have conducted composition mapping at low dispersion to include all four alloy components. As shown in Figure   S1 , the same effective FeO 2 / LaO / TiO 2 / SrO interface stacking sequence is observed for both samples. We observe minimal Sr intermixing into the LFO film and intermixing trends for the other species that are comparable to those presented in the main text. plane on the SrO-terminated STO, the relative energies of the stoichiometric plane that has formally Fe 4+ species and configurations of oxygen-deficient plane that has Fe 3+ are both affected. These deficiencies of GGA DFT can be mitigated to some extent using GGA+U approach.
Here we have investigated the effect of U correction on the stability of oxygen-rich LaO / TiO 2 and oxygen-poor FeO 2 / SrO interfaces with respect to the corresponding stoichiometric systems. The U correction was applied to the Ti and Fe 3d atomic orbitals, as described in reference 8. The calculated Gibbs free energies for the U =4 eV (see Figure S2 ) for the geometrical structures pre-optimized using the PBEsol functional. Comparison of these free energies with the data in Figure 4 of the main manuscript shows that trapping molecular oxygen at the LaO / TiO 2 interface and forming oxygen vacancies at FeO 2 / SrO interface is more favorable for positive U . While a determination of the optimal U value is beyond the scope of the present work, these results support our conclusion that these two interfaces exhibit qualitatively different structures during shuttered growth mode deposition. This behavior, in turn, can have different effects on the substrate underneath.
